The neural circuits that control elasmobranch fins and the mammalian limbs have been found to exhibit striking similarities at the molecular, cellular and behavioral levels. The implication is that the neural substrate underlying limb control had already evolved 420 million years ago.
From lamprey to the sting ray and primates, the locomotor system is organised in a generally similar way, with a midbrain locomotor command region (MLR) that activates spinal circuits responsible for generating the motor pattern, whether undulatory swimming in fish or walking movements in limbed vertebrates [1, 2] . The trunk movements are generated by activation of segmental motoneurons in the medial motor columns (MMC), whereas the flexor and extensor motoneurons of the limbs in mammals are located in a separate lateral motor column (LMC). The oldest group of vertebrates with appendages (fins or legs) is the elasmobranchs (sharks and rays) which have had a separate evolutionary history from that of mammals for over 420 million years ( Figure 1 ). This group of animals, specifically the skate Leucoraja erinacea, is the focus of a new and evolutionarily important study by Jung et al. [3] , who combined genetics with behavioral and anatomical analyses to show that the molecular networks identified in mammals also operate in the phylogenetically much older group of elasmobranchs.
Elasmobranchs such as skates and rays swim by transmitting undulatory waves along their extended pectoral fins. When moving on the bottom of the sea, however, they can instead use their pelvic fins to generate what looks like walking with alternating movements using their limb-like appendages. Both the pectoral and pelvic fins are divided into two opposing muscle compartments, akin to the flexors and extensors of the mammalian limbs. These muscles are innervated by motoneurons located in a separate motor column (leLMC, Leucoraja LMC) similar to the mammalian LMC. Within the leLMC, 'flexor' and 'extensor' motoneurons are spatially segregated: they extend their axons to the ventral roots, where they subsequently divide into a dorsal and ventral nerve branch supplying the dorsal and ventral muscle mass, respectively, in a similar way to the innervation of the mammalian limb. The motoneurons innervating the trunk are located in a separate MMC that is present in all segments along the body.
The leLMC motoneurons express the gene Foxp1, which disinguishes mammalian LMC neurons, which express the marker, and MMC neurons, which do not. The leLMC also expresses the genes for the transcription factors required to specify core features of mammalian motoneuron identity: Hb9, Isl1/2 and Lhx3 genes. Similarly, motoneurons expressing Lhx1 project to the dorsal muscle mass dependent on induction of EphA4, while those innervating the ventral muscle mass express Isl1 and their axons take a ventral course specified by expression of EphB1, as in mammals. Jung et al. [3] also show that Foxp1 neurons of the LMC are present in a variety of sharks as well as in teleosts, such as zebrafish, testifying to the generality of the conclusions that the origin of the LMC innervation of appendages, as studied in mammals, dates back to early vertebrate history 420 million years ago, when the elasmobranchs diverged from the vertebrate line leading up to mammals.
With regard to the Hox genes expressed in the pectoral and pelvic regions, the profiles are analogous to those in forelimb and hindlimb LMC motoneurons of mammals [4, 5] . The expression of Hox9 analogs leads to a suppression of Foxp1 and the entire LMC in both the skate and in mammals [3] . This occurs for instance in the thoracic region in which LMC is suppressed. To confirm the effects of the different skate Hox genes, they were expressed in different areas of the spinal cord of chickens, and dependent on which Hox gene was expressed they would replicate the effects seen in mammals.
Moving up a level, the next question to consider is how the interneurons that innervate the LMC motoneurons are organized. In the mouse [6] , the ventral interneurons responsible for forming the locomotor network can be subdivided into developmentally defined subtypes such as the excitatory ipsilateral V2a interneurons, the inhibitory V1 and V2b interneurons and the commissural V0v and V0d interneurons. Jung et al. [3] report that these different subtypes are also expressed in the skate. Thus, the skate spinal cord has the same interneuronal building blocks available to form the locomotor network as seen in mammals.
For the MMC-generated swimming movements of the zebrafish, V2a premotor interneurons play a key role and their optogenetic activation leads to the generation of locomotion, while inhibition causes a cessation of locomotor movements, showing that they are necessary and sufficient for generating locomotion. The V2a interneurons activate motoneurons monosynaptically and also interact within the V2a population to generate the burst pattern [7, 8] . A similar organization exists also in the lamprey [9] and tadpole [10] . The neuronal circuits eliciting undulatory swimming movements most likely depend primarily on the pool of excitatory premotor interneurons generating the burst pattern, while the inhibitory commissural interneurons are responsible for the alternation between the two sides of a segment. This motor pattern exists from lamprey and fish to salamanders and reptiles, while mammals like dolphins swim with dorsoventral oscillations.
What about locomotion with appendages (fins or legs) controlled via motoneurons in the LMC? In the skate Leucoraja erinacea, each pelvic fin performs a forward-backward motion while alternating between the two sides. When the skate is in contact with the ground it results in a forward thrust. These walking-like movements are similar to the hindlimb movements of a tetrapod, and can presumably be generated by alternating contractions between flexors (ventral muscle mass) and extensors (dorsal muscle mass). The mammalian hindlimb has four phases with support, lift up, swing, and touch down, with corresponding patterns of muscle activation [11] . It has yet to be determined how refined the skate motor pattern is, and it may only require alternation in a given segment. The set of interneuronal circuits that generate the locomotor networks for each limb (mammals) includes V2a, V1, V2b and V0d and V0v, but the network connectivity is not yet fully understood [12] . The same interneuronal building blocks are available in the skate to be used for the control of the LMC motoneurons. This interneuronal network needs to be explored, but it may not differ much from that of the undulatory network operating via MCC, except that it needs to generate alternation of the 'flexors' and 'extensors' on the same side. Alternation between motoneurons supplying the dorsal and the ventral part of the myotome also occurs in the lamprey [13] , which has no paired fins, and presumably no LMC.
The flat pectoral fins, elongated over many segments, are also controlled by LMC motoneurons. During swimming the two pectoral fins are active in phase with each other, although they can be controlled independently [1] . In addition, there is a rostrocaudal phase lag along the fin, resulting in a forward thrust during swimming, resembling that of undulatory swimming but in a different plane [9] . The dorsoventral alternation in each segment could be generated in a way similar to that of left-right alternation occurring in each An outline of the evolution of the major classes of vertebrates, showing when the groups of rays and lampreys first appeared. Below are indicated the medial motor column (MMC) and the lateral motor columns, and the dependency of LMC for locomotion with appendages, and MMC for undulatory locomotion. segment during undulatory swimming, but no information is as yet available except for the fact that the same interneuronal building blocks are available as for mammals.
Jung et al. [3] have shown that the developmental building blocks, such as the LMC, needed for controlling the vertebrate limbs had already evolved when the elasmobranchs diverged, 420 million years ago, from the line leading to mammals. Up until now, it had generally been assumed that this circuitry evolved much later at the transition to terrestrial locomotion. Other main features of the vertebrate brain have recently been shown to be conserved including the detailed forebrain design with the basal ganglia, habenulae and pallium/cortex that emerged even earlier, around 560 million years ago [14] [15] [16] . It is striking that many aspects of the basic design of the vertebrate nervous system had already evolved at the dawn of vertebrate evolution -a fact not appreciated until recently. A design that works well, need not be modified!
